Abstract: This paper presents the theory, design, simulation, fabrication, and performance of a flexible dual-band MM absorber, which is resonant at microwave frequencies. The sandwich structure of the MM absorber is composed of the periodic array of the T-shaped metallic patches and a continuous metallic plane, which are separated by a middle flexible dielectric layer. The optimized geometric parameters were obtained by numerous simulations using the full wave finite integration technology of CST 2015. The simulated results indicate that the proposed MM absorber has two distinct absorption peaks at 16.77 and 30.92 GHz with the absorption ratio of 98.7% and 99.3%, respectively. The absorber has a thickness of 0.2403 mm, which is only 1/74 and 1/40 of the wavelength for the resonance frequency of 16.77 and 30.92 GHz. The influence of the material's properties and structural curvature on the absorption performance was investigated by numerous simulations. The proposed MM absorber is highly sensitive to the polarization of the incidence EM wave and has good absorption properties over a large range of the incidence angle for the incidence EM wave. The electric field and surface current distributions at two independent resonance frequencies were analyzed for providing insight into the EM wave absorption mechanism. Simulated results show that two different resonance modes are introduced into the single patterned metallic resonance structure to realize the dual-band performance. The laser ablation process was adopted to fabricate the sample of the proposed absorber. Measured results for the normally incident EM wave show an agreement with the simulated results. The fabricated MM absorber shows significant mechanical flexibility and can easily be conformed to the unusual surfaces such as cylindrical, pyramid, and spherical. Furthermore, this design concept can be extended to the other absorber structure and the other frequency bands, therefore, which can greatly enrich the applications in antenna, sensing, thermal image, and detection. For instance, in the design of projectile-borne conformal antenna array, a flexible Vol. 9, No. 4, August 2017 4600512
ultrathin MM absorber can easily be loaded between the antenna and the projectile body to reduce the radiation interference, weaken the coupling loss, and reduce the RCS.
Index Terms: Metamaterial, absorption, resonance, polarization.
Introduction
Metamaterials (MMs), artificially constructed electromagnetic (EM) materials with sub-wavelength structures, have attracted immense attention due to their unprecedented EM phenomena that cannot be obtained with natural materials, including negative refraction index, cloaking behavior, backward propagation, and reverse Doppler effects [1] - [5] . Thanks to these exotic EM properties of the MM which rely on the shapes and sizes of the resonance units rather than relying on their compositions, so many EM devices based on the MM have been investigated with the theoretical and numerical calculations, such as EM cloaking [6] , [7] , antennas [8] , [9] , filters [10] , [11] , perfect lenses [12] , [13] , thermal image [14] - [16] , and MM absorbers [17] , [18] . The absorption loss of the MM will lead to a decline in the resonance properties of many EM devices, thus limiting their practical application. However, for the MM absorber, the absorption loss of the MM are beneficial. Through the rational design of the resonance structure of the MM absorber, the absorption loss of the MM can be effectively improved, so as to the perfect absorption for the incidence EM wave can be achieved. Normally, the MM absorber is a typical three layer structure, consisting of the metallic resonance structure array, dielectric layer, and metallic ground plane. MM absorbers which display exotic EM properties have been proposed from microwave frequencies to visible frequencies by using different MM resonance structures [18] - [22] . Compared with traditional absorbing materials, the perfect MM absorbers have the advantages of simple structure and high absorption ratio. It will be a new type of absorbing material with great application value in the field of radar, sensing, thermal image, and stealth material. Unfortunately, the MM absorbers usually have a defect of the narrow absorption bandwidth because of the strong EM resonances, which greatly obstacle their potential applications in practice. Lots of efforts have been made to improve the absorption bandwidth or increase the number of absorption bands [23] - [26] . The first commonly used bandwidth enhancement approach is based on the single-layer absorber structure composed of multi-resonance units with the differing geometric dimensions [27] - [30] . Another way to extend the absorption bandwidth is based on the multi-layer absorber structure formed by vertically stacking multiple different-sized metallic resonance structures [31] - [35] . In addition, some other methods include the multi resonance modes introduced into a single resonance unit, the lumped elements loading technology, and the frequency tunable technique [36] - [39] . Furthermore, flexible devices have many advantages over their non-flexible counterparts such as much lighter in weight, much smaller in size, much more durable, and outstanding flexible and conformal ability. Flexible MM absorbers which typically fabricated using flexible dielectric layer such as MM film, polyimide layer, and polydimethylsiloxane (PDMS) layer can be easily conformed to the unusual surfaces such as cylindrical, pyramid, and spherical.
In this paper, we present a flexible dual-band MM absorber, which is composed of the periodic array of the single T-shaped copper patches and a continuous copper plane separated by a middle flexible polyimide dielectric layer. The simulated results, derived from CST 2015 based on the standard full wave finite integration technology, indicate that the proposed MM absorber has two distinct absorption peaks at 16.77 GHz and 30.92 GHz with the absorption ratio of 98.7% and 99.3%, respectively. The optimized geometric parameters demonstrate that the absorber is ultrathin with the thickness of 0.2403 mm, which is only 1/74 and 1/40 of the wavelength for the resonance frequency of 16.77 GHz and 30.92 GHz. The effects of the material's properties and structural curvature on the absorption performance have been investigated by numerous simulations. The proposed MM absorber which is highly sensitive to the polarization of the incidence EM wave can be used to manipulate and detect polarization of the incidence EM wave. Furthermore, the designed MM absorber can work well over a large range of the incidence angle for the incidence EM wave.
The electric field and surface current distributions at two independent resonance frequencies have been analyzed for providing insight into the mechanism of the EM wave absorption. The dual-band absorption mechanism is based on the introduction of LC resonance and electric dipole response to the single patterned T-shaped structure. Furthermore, the MM absorber sample has been fabricated on a flexible polyimide dielectric layer with a laser ablation process [40] . The free-space reflection method has been applied to test the scattering parameters of the fabricated sample. Measured absorption properties show an agreement with the simulated results. In the design of projectileborne conformal antenna array, there is a certain gap between the antenna array and the projectile body, and the EM waves reflected by metal cavity will greatly affect the performance of the antenna, a flexible ultra-thin MM absorber proposed in this paper can be easily added between the antenna and the projectile body to reduce the radiation interference, weaken the coupling loss, and reduce the radar cross section (RCS).
Absorber Theory and Design
As a type of equivalent medium, the MM can be described by the complex permittivity ε(ω) = ε (ω) + i ε (ω) and complex permeability μ(ω) = μ (ω) + i μ (ω). The degree of polarization and magnetization can be described by the real part of ε (ω) and μ (ω). The EM losses can be described by the imaginary part of ε (ω) and μ (ω). In the study of MM, researchers often only pay attention to the real parts of the complex permittivity and complex permeability, and try to reduce the imaginary parts to decrease the loss as much as possible. However, for the MM absorber, the loss of MM is very beneficial. The general principle of the absorber design is based on the transmission theory of the EM waves and the loss mechanism. The input impedance of the structure can match with the wave impedance in the air by properly choosing structural parameters of the MM absorber, so that the EM wave incident on the surface of the MM is basically not reflected. In addition, by reasonable selection of EM parameters of the MM absorber to make the imaginary part of the refractive index of the MM is as large as possible, so that the EM wave energy is all absorbed in the material, and then the best absorbing effect can be realized.
Moreover, the basic absorption mechanism of the MM absorber can be deduced from the resonance between the top metallic resonance structure and the bottom ground plane. When the EM wave is incident on the surface of the MM absorber, the surface currents on the top resonance structure can induce the electric resonance, and the top resonance structure can also interact with the bottom continuous metal film to form anti-parallel currents, which can form the magnetic dipole resonance. Through the reasonable design of the geometric shape and size of the resonance unit, the electric resonance and magnetic resonance can be overlapped in the same frequency band. Therefore, the electric field and magnetic field energy can be absorbed in the same band, and then the perfect absorption characteristic is realized.
Generally, the absorption of the MM absorber A (ω) can be calculated using the reflection R (ω) and transmission T (ω) according to the following equation.
The transmission coefficient is zero due to the ground plane is fully covered with the metallic sheet. Therefore, the absorption ratio A (ω) can be calculated using only reflection coefficient and expressed through the S 11 (ω) parameters as A (ω) = 1 − |S 11 (ω)| 2 . To realize the dual-band absorption characteristics and reduce the difficulty of simulation and manufacture, the T-shaped metallic resonance unit is selected because of its simple structure, fewer variable parameters, and dual-band resonance based on the single resonance unit. The unit cell of the dual-band MM absorber proposed in this paper is illustrated in Fig. 1 . It consists of a single T-shaped metallic resonance structure and a bottom continuous metallic ground plane separated by a middle dielectric layer. In this design, we chose the copper with electric conductivity σ = 5.8 × 10 7 S/m as the metallic pattern and ground plane, and the polyimide with a relative permittivity of ε r = 3.5 and a loss tangent of 0.03 as flexible dielectric layer. 
Simulation and Discussion
Numerical simulations were performed using CST Microwave Studio based on the finite integration algorithm. In the simulation process, the propagation wave vector (k) was perpendicular to the structure plane whereas the electric field (E) and magnetic field (H) were parallel to the incident plane. The periodic boundary conditions were selected along the x − y plane, while the open boundary conditions were chosen along the z plane to imitate the infinite periodic cells. The optimized geometric parameters of the unit cell are as follows: l 1 = 4000 μm, l 2 = 2500 μm, l 3 = 2000 μm, l 4 = 1400 μm, the period of unit cells is p = 8500 μm, the thickness of the dielectric layer is hd = 240 μm, the thickness of metallic micro structures is hs = 0.1 μm, and the thickness of the metallic ground plane is hm = 0.2 μm.
The simulated absorption performance of the proposed MM absorber for the normally incident EM wave is illustrated in Fig. 2 . The MM absorber behaves as a dual-band absorber with two independent absorption peaks at 16.77 GHz and 30.92 GHz corresponding to absorption ratios of 98.7% and 99.3%, respectively. The off-resonance absorption is almost zero. Furthermore, it can be calculated from the optimized geometric parameters that the absorber is ultrathin with the thickness of 0.2403 mm, which is only 1/74 and 1/40 of the wavelength for the resonance frequency of 16.77 GHz and 30.92 GHz.
We then investigated the effects on the absorption properties produced by the conductivity of metallic materials and the dielectric permittivity of the dielectric layer. Fig. 3(a) displays the dependence of the metallic conductivity (such as Au (σ = 4.09e7 S/m), Cu (σ = 5.8e7 S/m), and Ag (σ = 6.06e7 S/m)) on the absorption properties of the MM absorber. It can be observed that the metallic conductivity has a slight influence on the absorption properties of the MM absorber because of most metals can be regarded as perfect electronic conductors (PEC) in microwave range. Therefore, the design of the MM absorber in microwave range has nothing to do with the choice of the metal materials. Fig. 3(b) exhibits the absorption properties of the proposed MM absorber under the differing relative permittivity of 2.85, 3.5, and 4.4 for polydimethylsiloxane (PDMS), polyimide, and FR-4. Compared with the absorption performance of the proposed MM absorber under the relative permittivity of 3.5 for the polyimide dielectric layer, when the dielectric layer is PDMS with the relative permittivity of ε r = 2.85, the resonance frequencies shift towards the higher frequencies of 17.73 GHz and 33.75 GHz, the gap between two absorption peaks increases from 14.15 GHz to 16.02 GHz, and the absorption ratio of low-frequency absorption peak slightly decreases. However, when the relative permittivity is ε r = 4.4 for the FR-4 dielectric layer, the resonance frequencies are go to the lower frequencies of 14.98 GHz and 27.61 GHz, the gap between two absorption peaks decreases from 14.15 GHz to 12.63 GHz, but the absorption ratio of two absorption peaks are almost unchanged. Therefore, through the selection of different dielectric materials, we can realize the tuning of the resonance frequencies of two absorption peaks and the frequencies gap between two peaks under the condition that the absorption ratio are almost unchanged.
Furthermore, the absorption properties of the proposed flexible MM absorber have been simulated on the curved surface with different radius of curvature. For the flat surface, the radius of curvature is defined as d = ∞, two distinct absorption peaks are at 16.77 GHz and 30.92 GHz with the absorption ratio of 98.7% and 99.3%. The resonance frequencies of two absorption peaks on the curved surface of d = 25 mm are slightly changed to 16.7 GHz and 29.85 GHz, and the maximum absorption ratio can almost reach to 80%. When the curvature of the curved surface continues to increase, i.e., the radius of curvature d continues to decrease to 17 mm, two absorption peaks are slightly shifted to 17.08 GHz and 31.45 GHz with the absorption ratio of 50% and 59%, respectively. In summary, the flexible MM absorber can be fully conformal with the curved surface, but the absorption ratios of two absorption peaks decrease with the increase of surface curvature (i.e., the radius of curvature of the surface is getting increasingly small). Furthermore, when the radius of curvature d goes from ∞ to 25 mm, the equivalent inductance of the resonance unit increases because of the increase of the effective electric length of the T-shaped resonance unit, then two absorption peaks all go to the lower frequencies. On the other hand, when the radius of curvature d goes from 25 mm to 17 mm, the absorption peaks go to the opposite direction because the bending reach to the break down curvature so that the effective electrical length of the resonance unit decreases.
The polarization behaviors have been researched for the different polarization angles under the normally incident EM waves to further study the absorption performance of the proposed MM absorber. Fig. 5 illustrates the absorption performance corresponding to the different polarization angles of 0°, 45°, and 90°. Compared with the absorption performance of the polarization angle of 0°, when polarization angle equals to 45°, the absorption ratio of two absorption peaks at 16.77 GHz and 30.92 GHz are all decreased, meanwhile a new absorption peak appears at 19.6 GHz with absorption ratio of 87.7%. When the polarization angle continues to increase to 90°, only one absorption peak is retained at 19.6 GHz with the absorption ratio of 87.7%. In conclusion, the proposed MM absorber is highly sensitive to the polarization of the incidence EM wave, therefore, this feature can be used to realize the polarization manipulation and detection of the incidence EM wave. Generally, the transverse field of the incidence EM waves with any polarization can be decomposed into two orthogonally polarized components. Due to non-orthogonal symmetry of the T-shaped metallic resonance structure in x − y plane, it couples and responds to each component unequally which will lead to the sensitivity of the incidence EM waves with different polarizations and make the electric resonance and magnetic resonance appear at different frequency bands to form different absorption.
In practical applications, EM waves are usually obliquely incident onto the surface of MM absorber. To intensively study the absorption properties of the proposed MM absorber, we further discuss the dependence of the absorption properties on the incidence angle θ, which is defined as the angle between the propagation vector and z -axis. Fig. 6 shows the absorption properties corresponding to the different incidence angles of 0°, 30°, 45°, and 60°. It is clearly observed that for the lowfrequency absorption peak at 16.77 GHz, the absorption ratio is remained greater than 95% for the incidence angle ranging from 0°to 60°. For the high-frequency absorption peak, with the incidence angle increased from 0°to 45°, the absorption frequency is slightly changed and the absorption Fig. 6 . Simulated absorption curves for the incidence EM waves with different incidence angles. ratio is decreased gradually, but still has more than 80% absorption ratio for the incidence angle of 45°. When the incidence angle continues to increase to 60°, the absorption ratio of the highfrequency absorption peak is decreased to 52%. Therefore, from the above simulated results, it can be concluded that the designed MM absorber can work well over a large range of the incidence angle for the incidence EM waves.
The basic absorption principle of the MM absorber can be deduced from the electric resonance and magnetic resonance, which can be observed from the distributions of the electric field and surface current. For gaining the further insight into the absorption mechanism of the MM absorber with two independent absorption peaks, the distributions of the electric field and surface current at 16.77 GHz and 30.92 GHz have been investigated. Different electric field distributions are observed at 16.77 GHz and 30.92 GHz. As shown in Fig. 7(a) , the strong electric field mainly concentrates along the edges of the resonance structure for the resonance frequency at 16.77 GHz. As shown in Fig. 7(b) , for the resonance peak at 30.92 GHz, the high magnitude of the electric field distributes along the top and bottom sides of the transverse arm and the bottom side of the longitudinal arm of the resonance structure. The strong electric field distribution corresponding to the large surface charges accumulation demonstrates the existence of the strong electric resonance in the metallic array, which is resulted from the strong coupling of the metallic resonance structures, the dielectric layer, and the bottom plane. For different resonance frequencies, the strong coupling appears in different locations of the resonant structure. Accumulated surface charges can induce the magnetic field accountable for the magnetic resonance and resonance absorption.
As shown in Fig. 8(a) , for the resonance point at 16.77 GHz, the surface currents on the top metallic resonance structure flow upward along the contour of the resonance unit. Therefore, the absorption of the resonance peak at 16.77 GHz is attributed to the LC electric resonance. Furthermore, as shown in Figs. 8(a) and 9(a) , there is an anti-parallel surface currents on the top resonance structure and the bottom metallic plane, which is functioned a resonance ring circuit. Therefore, the strong magnetic resonance can be generated based on the magnetic dipole response. The electric resonance and magnetic resonance are overlapped at 16.77 GHz, and then the perfect absorption of the incidence EM wave is realized.
As shown in Fig. 8(b) , the surface currents on the transverse arm of the T-shaped metallic resonance structure flow upward, but the surface currents on the longitudinal arm move downward. Therefore, the absorption peak at 30.92 GHz arises from the electric dipole response as a result of the opposite currents along the longitudinal arm and transverse arm of the metallic structure and the alternating charge accumulation at the intersection of longitudinal arm and transverse arm. The electric dipole response is strongly coupled with the ground metallic plane, and then anti-parallel surface currents on the top and bottom layers (as shown in Figs. 8(b) and 9(b)) can produce a magnetic dipole functioned as a current ring, and can further accountable for the strong magnetic resonance. Since the co-existence of the electric resonance and magnetic resonance at 16.77 GHz and 30.92 GHz, the perfect dual-band absorption of the EM wave can be further realized.
In conclusion, the relative permittivity can be adjusted based on the electric response provided by the top metallic patterns, whereas the relative magnetic permeability can be regulated based on the magnetic response, which is originated from the combination of the metallic resonance structures and the bottom metallic layer. The perfect absorption corresponding to the perfect impedance matching can be obtained when the relative permittivity has the same magnitude with the relative permeability, which relies on the coexistence of the strong electric resonance and magnetic resonance.
In this design, by simultaneously introducing two different resonance modes (LC resonance and electric dipole resonance) to a single T-shaped metallic resonance structure, the dual-band absorption based on the single-layer absorber with single patterned resonance unit can be obtained. This design concept is rather general and can be readily extended to various absorbers working in the other frequency range as long as the resonance structure is effective. 
Fabrication and Measurement
To verify the correctness of the simulated absorption performance of the dual-band MM absorber, we have fabricated a prototype sample based on the optimized geometric parameters using the laser ablation machine.
Firstly, a 85 mm × 85 mm × 240 μm polyimide film was prepared as a middle dielectric layer. Secondly, by using the JTRC-550 magnetron sputtering device, 0.1 μm and 0.2 μm copper were sputtered on the front and back sides of the polyimide film. Thirdly, using the LPKF ProtoLaser U3 laser burning machine and the prepared mask, the metallic micro pattern was made by removing the undesired copper on the front side. By far, the prototype sample of dual-band MM absorber was completely fabricated. The fabricated MM absorber has significant flexible and conformal ability and can be easily pulled to conform to the unusual surfaces such as cylindrical, pyramid, and spherical.
The flow diagram of the manufacture process is shown in Fig. 10 . The fabricated absorber sample with dimensions of 85 mm × 85 mm and consisting of 10 × 10 unit cells is shown in Fig. 11 .
The measurement of the scatting parameters was carried out in a microwave anechoic chamber with the far-field test method. Fig. 12 shows the far-field test schematic. The wedge-tapered absorbers were placed surrounding the prototype sample to absorb the unwanted EM waves. Two horn antennas were used as the transmitting antenna and receiving antenna, respectively. An Agilent N5224A vector network analyzer was applied as a signal source to generate the excitation signal, which was then divided into the input signal and reference signal by a power splitter. In addition, the network analyzer was also used to measure the reflection signals from the prototype. To eliminate the edge scatting effects of the MM absorber, the dimensions of the test sample should be at least more than two times the maximum working wavelength. Furthermore, the far-field condition should be met to ensure incident EM waves are plane waves, which is given by Fig. 12 . Schematic of the far-field testing. where d is the distance between the sample and the antenna, λ is the wavelength of incident EM waves, and D is the diagonal length of the antenna, i.e., the maximum linear dimension of the antenna. In the testing process, a part of the energy from the incidence EM wave will be reflected, and the other portion of energy will be coupled into the MM absorber and will then disseminate in the dielectric layer. Fig. 13 shows the simulated and measured absorption properties of the dual-band MM absorber. It can be clearly observed that the MM absorber sample provides two distinct absorption peaks at 16.85 GHz and 30.79 GHz with the absorption ratio of 98.6% and 96.2%, and an extra peak near 28 GHz. The subtle differences between the simulated results and measured results are mainly due to the manufacturing and testing errors, such as the copper film oxidation during the laser burning process, the irregular thickness of the copper film because of the tolerance of the sputtering machine, the inaccurate size and shape of the sample due of the limitation of the precision of the laser burning machine, and the inaccuracy from the measurement.
Conclusion
In conclusion, a dual-band MM absorber which is composed of T-shaped single patterned subwavelength metallic structures and a flexible dielectric layer on the top of a metallic ground plane has been presented. For the case of the normally incident EM wave, two distinct absorption peaks were obtained at 16.77 GHz and 30.92 GHz with absorption ratio of 98.7% and 99.3%. The effects of the material's characteristics and structural curvature on the absorption properties have been discussed. The proposed MM absorber which is highly sensitive to the polarization of the incidence EM wave can be used to manipulate and detect polarization of the incidence EM wave. In addition, this MM absorber can work well over a large range of the EM wave incidence angle. Further study on the dual-band absorption mechanism was conducted based on the analysis of the electric field and surface current distributions. By simultaneously introducing two different resonance modes (LC resonance and electric dipole resonance) to a single T-shaped metallic resonance structure, the dual-band absorption can be obtained based on the single-layer absorber with single patterned resonance unit array. The MM absorber sample has been fabricated with a laser ablation process, and the absorption performance has been measured with the far-field test method. Measured absorption properties have good correspondence with the simulated results. The proposed MM absorber which introduces different resonance modes to a single patterned sub-wavelength structures is a candidate for realization of multiple absorption. The fabricated dualband ultra-thin MM absorber has significant mechanical flexibility and can be easily conformed to cylindrical, pyramid, and spherical, which can greatly enrich the applications in antenna, sensing, thermal image, and detection.
